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Introduction
Intercellular communication through gap junctions (GJIC*) is involved in many biological processes like metabolic cooperation (1), cell proliferation (2,3) and cell differentiation (4) . It has been hypothesized that in the multistep process of tumor formation, a decreased gap junctional intercellular communication of genetically altered (initiated) cells could favor their clonal expansion (2, 5, 6) .
Gap junctions are intercellular channels, permitting small metabolites, ions and second messengers to pass to neighbouring cells. The channels are made of juxtaposed connexons crossing the membrane of two adjacent cells. Each connexon is formed by six protein subunits called connexins (7, 8) . How the connexins are mechanistically regulated is still largely unknown but phosphorylation of the connexins could play an essential role. Indeed changes in phosphorylation levels of connexins have been reported to correlate with reduced (9,10) or stimulated GJIC (11). These changes can be achieved by (de)activation of protein kinases, however, the mechanisms controlling this form of regulation are unknown. Changes in second messenger concentrations like intracellular calcium or cAMP could (de)activate GJIC modulating enzymes. Alterations in these parameters or the responses of enzymes to second messengers could play a part in the presumed role of altered GJIC in the process of tumor formation.
Earlier research showed that during the process of tumor formation GJIC declines in human keratinocyte cell lines (12) and in mouse epidermal cell lines (13) . Elevated extracellular calcium concentrations were shown to restore GJIC of papilloma-and carcinoma-derived (CA3/7 cells) mouse epidermal cell lines to levels comparable with primary keratinocytes, while the high GJIC level of a cell line consisting of (one possible genotype of) initiated mouse epidermal cells (3PC) remained unchanged after increasing the extracellular calcium concentration [(Ca 2+ ) e ] (14) . This suggests that differences exist in the extracellular calcium regulated control of GJIC between the 3PC cell line and the CA3/7 cell line.
The aim of this study is to determine in which step of the calcium-dependent regulation of GJIC changes occur between 3PC cells and CA3/7 cells. By using a step-wise approach (see Figure 1) , we want to study: (i) the effect of (Ca 2+ ) e on (Ca 2+ )j; (ii) the role of (Ca 2+ )j in the regulation of GJIC; (iii) the role of Ca 2+ -dependent proteins G'ke calmodulin) in the regulation of GJIC; and (iv) the involvement of connexinlinked processes (i.e. phosphorylation and cellular localization) in the studied regulation of GJIC. Furthermore the involvement of the cell adhesion molecule E-cadherin in the Ca 2+ -mediated regulation of GJIC is studied.
An increased (Ca 2+ ) e might lead to a higher intracellular calcium concentration, which in turn could activate the calcium binding molecule calmodulin (CaM) as seen schematically in Figure 1 . In such a scheme it may be hypothesized that CaM could bind to the connexins thereby altering gating of the gap junction channels (15, 16 dependent protein kinases. These protein kinases might phosphorylate connexins directly (17) or indirectly by (in)activation of other protein kinases, leading to a changed phosphorylation level of gap junction proteins and a changed GJIC.
Materials and methods

Chemicals
Lucifer yellow CH, dimethyl sulfoxide (DMSO), l-(5-iodonaphthalene-lsulfonyl)-lH-hexahydro-l,4-diazepine (ML-7), W-{6-aminohexyl)-5-chloro-lnaphthalene-sulfonamide (W-7), calmidazolium (CDZ), ionomycin and thapsigargin (Tg) were obtained from Sigma, St Louis MO, USA. Ethylene glycolbis((i-amino-ethyl ether) /V,/v',Ar'',/V'-tetra-acetic acid acetoxy-methyl ester (EGTA-AM) was obtained from Molecular Probes, Eugene, USA.
Cell lines
The cell lines used in this study (3PC and CA3/7) represent an early and a late stage of mouse skin carcinogenesis and are described by Klann el al. (13) . In brief: the 3PC cell line was obtained after in vitro initiation with DMBA and selection for calcium resistance. These cells are thought to be initiated cells because of the fact that these cells do not differentiate in response to high extracellular calcium conditions (18) . Under high extracellular calcium conditions these cells continue to divide and show no keratinization. The CA3/7 cell line was obtained from a carcinoma 16 weeks after completion of the DMBA/TPA regimen. The characteristics of these cell lines and the cell culture procedures are descibed elsewhere (13) . Cells were cultured under low extracellular calcium conditions (0.05 mM). For experiments under high extracellular calcium conditions, cells were cultured for 24 h in medium containing 1.2 mM Ca 2+ , after which experiments were performed in the same medium.
Gap junctional intercellular communication (GJIC)
GJIC was measured by the fluorescent dye transfer method using microinjection of Lucifer Yellow CH and counting the number of fluorescent cells 10 min after injection. After determination of the control level, the cells in the same Petridish were subsequently exposed to the test agent (; = 0) and GJIC was determined at different time-points after t = 0. At every time-point 20 cells were injected and every experiment was performed at least in duplicate. The control GJIC levels (number of communicating cells) at low respectively high extracellular calcium conditions were for 3PC cells 31.9 and 34.8, and for CA3/7 cells 2.5 and 34.6. Results are expressed as the percentage GJIC compared with GJIC at t = 0 (100%). Cell viability was tested by Trypan blue exclusion directly after determination of GJIC and was never below 95*. In the concentrations used, solvents had no effect on GJIC.
Intracellular calcium measurements
The intracellular calcium concentration was determined by loading the cells with 2.67 \JM Fura2-AM (Sigma Chemical Co., St Louis, MO) for 30 min at room temperature. The intracellular calcium concentration was determined using the Cue-2 dual wavelength calcium measurement system (PAES bv, Zoeterwoude, The Netherlands) and by measuring the fluorescence ratio by dividing the fluorescence values at wavelengths 340/380. These ratios were transformed into intracellular calcium concentrations by using the formula
in which Kd is the dissociation constant of Fura-2 and Ca 2+ (224 nM); R is the measured ratio; Rmax is the maximum ratio after addition of KCN (to inhibit Ca 2+ -ATPases in the endoplasmic reticulum and in the plasma membrane), ionomycin (calcium ionofore) and CaCl 2 (to increase the calcium gradient over the membrane) to final concentrations of 4 mM, 10 (iM and 1.2 mM, respectively; Rmin is the minimum ratio after addition of 10 mM EGTA (to bind extracellular calcium and thereby induce a calcium flow out of the cells); and Sf and Sb are the fluorescence values at 380 nm at Rmin and Rmax calcium concentrations, respectively (19) . Rmax and Rmin were determined directly after the experiment The given intracellular calcium concentrations are the mean of at least two experiments, in which the influence of calcium modulating agents on the intracellular calcium concentrations of ten individual cells were determined.
Western blotting
Directly after GJIC measurements, whole cell protein was obtained from the cells by cell lysis with a sample buffer (62.5 mM Tris-HCl, pH 6.8 and 0.5% SDS in Ca 2+ /Mg-free PBS). Protein quantification and blotting were performed as described (20). Analysis of E-cadherin protein levels was done using a 10% polyacrylamide gel and a rat anti-E-cadherin primary antibody (Sigma, St Louis, MO). For determination of both Cx43 and E-cadherin, the ECLtechnique of Amersham (Little Chalfont, UK) was used. The efficiencies of gel electrophoresis and blotting were checked by Coomassie brilliant blue and Ponceau red staining, respectively. The percentage of phosphorylated Cx43 was determined by scanning the autoradiograms from the Western analysis on the Quantity One system from pdi, Huntington Station, NY. The results are expressed as the percentage phosphorylated Cx43. The percentage phosphorylated Cx43 of non-exposed cells was similar for different cell badges, and the effect of treatment of cells on the percentage phosphorylated Cx43 was also similar for different cell badges. The bands shown in the figures represent the effect of the used agent on die amount and phosphorylation of Cx43.
Immunocytofluorescence For E-cadherin and Cx43 immunostaining, cells were handled as described (20). For E-cadherin staining, the same antibody was used as for Western blotting technique, for Cx43 the mouse derived antibody was purchased from TEBU (Nottingham, UK). BioUnylated second antibodies and FTTC-conjugated streptavidin from Sigma (St Louis, MO) were used. The level of immunostaining was determined as one of five grades of staining, ranging from high to undetectable (+ + + , + + , +, ± and -).
Statistics
For each concentration, GJIC or (Ca 2+ )| at different lime points was compared with the values for the control using ANOVA with a block effect to allow for systematic differences between Petri dishes. The effect of time and agent were investigated using the REsidual Maximum Likelihood method (REML) of the Genstat 5 package (Genstat, Rothamsted, UK). This method is similar to ANOVA, however it allows for the fact that there are different numbers of cells for each combination of agent and time-point, causing the data sets to be unbalanced in the statistical sense. At each time point, the variance of the data were always lower than 8% (GJIC) or 15% [(Ca 2+ ),]. 2+ ) e and (Ca 2+ ), Several calcium and calmodulin modulating agents were used to study the calcium dependent regulation of GJIC in a cell line of initiated mouse epidermal cells (3PC) and in a mouse epidermal carcinoma-derived cell line (CA3/7).
Results
Regulation of GJIC by (Ca
Under low Ca (22) . During the first 90 min, the effect of 10 |iM ionomycin and 5 nM Tg on (Ca 2+ )j in 3PC cells was comparable to the effect of the high Ca 
. Both agents induced a first peak of (Ca 2+ )i (up to 370 nM) after which (Ca 2+ )j returned to the basal level. In ionomycin exposed 3PC cells, (Ca 2+ ); then increased up to 200 nM after 90 min, whereas in Tg exposed cells (Ca 2+ )j remained constant. In CA3/7 cells, however, Tg only slightly increased (Ca 2+ )i (150 nM), and ionomycin raised the (Ca 2+ ), after 90 min to the same level as the high Ca 2+ e condition, however without a first transient peak of (Ca 2+ )j at 5-10 min. Both ionomycin and Tg had no effect on GJIC in 3PC cells, whereas they increased GJIC in the CA3f7 cell line ( Figure 3B ). Potentially, a decreased (Ca 2+ )i could inhibit GJIC in the 3PC cells (which have a high GJIC level under low Ca 2+ e conditions). Therefore both cell types were exposed to the intracellular calcium chelator EGTA-AM (23) . As shown in Figure 3A , exposure to 100 (J.M EGTA-AM decreased (Ca 2+ )j only transiently in 3PC cells under low Ca 2+ e conditions. In these cells, however, the GJIC level was decreased strongly (Figure 3B ), suggesting that (Ca 2+ )j decreased below a critical level for sustaining a high GJIC level. In CA3/7 cells under low Ca 2+ e conditions, both the GJIC level and (Ca 2+ )j remained unchanged after exposure of the cells to 100 |xM EGTA-AM (data not shown). Under high Ca 2+ e conditions in both cell lines, both GJIC and (Ca 2+ ), levels were not significantly changed by EGTA-AM (data not shown).
Regulation of GJIC by calmodulin-mediated processes
The changes in (Ca 2+ )i could exert their effect on GJIC by changing the activity of calmodulin (CaM) and/or a Ca 2+ / CaM-dependent protein kinase (Ca 2+ /CaM-PK). To establish whether differences in GJIC regulation exist between 3PC cells and CA3/7 cells on this level of regulation, the effect of the CaM inhibitors W7 (24) and CDZ (25) , and of an inhibitor The (Ca 2+ ) c was 0.05 mM and 1.20 mM for low and high calcium medium respectively, nt = not tested.
of Ca 2+ /CaM-PK (ML-7) (26) on GJIC were studied. In the cell line 3PC, 20 ^M W7 decreased GJIC by 50% while in the CA3/7 cell line the level of GJIC was doubled in the same time ( Figure 4A ). CDZ had the same effect as W7 on GJIC in 3PC cells and CA3/7 cells, but it was more effective at lower concentrations. The increase of the GJIC level in CA3/7 cells was faster than the high Ca 2+ e -induced increase of the GJIC level. Additionally the effects of these agents on (Ca 2+ )| levels were studied. Both agents increased (Ca 2+ )j under low Ca 2+ e conditions, although the W7-induced increase of (Ca 2+ ), was only temporary in 3PC cells ( Figure 4B ). Whereas 5 uM CDZ increased (Ca 2+ ), up to 580 nM in CA3/ 7 cells after 70 min of exposure, 10 (iM CDZ had no effect on (Ca 2+ )j in CA3/7 cells under these conditions. The Ca 2+ / CaM-PK inhibitor ML-7 inhibited GJIC in both cell lines in concurrence with a slight increase of the (Ca 2+ ), level ( Figure  5 ). In both cell lines, the effects of ML-7 on both GJIC and (Ca 2+ ), were the same under high Ca 2+ e conditions as under low Ca 2+ e conditions (data not shown).
The involvement of Cx43 phosphorylation and Cx43 localization in the regulation of GJIC
Because the functionality of gap junctions may be regulated by phosphorylation of the gap junction proteins, the effects of the used calcium/calmodulin modulators on Cx43 phosphorylation were studied (Table I and Figure 6 ). Under low Ca Symbols i, -U, +c represent an unchanged, a decreased, a strongly decreased or an increased cytosolic intensity of immunostaining respectively.
•Compared with control-L (= 100%) symbol =, T, I, represent an unchanged, an increased or a decreased GJIC respectively. ''Compared with the control under the same Ca 2+ conditions; symbols =, T, I, represent an unchanged, an increased or a decreased Cx43-phosphorylation respectively. Compared with the control under the same Ca 2+ conditions symbols =, I, II, +C, represent an unchanged, a decreased, a strongly decreased, or an increased intensity of immunostaining, respectively. the level of Cx43 phosphorylation in both cell lines (60 and 56%, respectively) is comparable (Table I) . Under both Ca 2+ e conditions the total amount of Cx43 was higher in 3PC cells compared with CA3/7 cells (Table I and conditions by all tested agents (as shown by an increased percentage of the P^-band intensity from the total Cx43 band intensity as compared with the control sample). Under high Ca 2+ e conditions, both CDZ and ML-7 increased Cx43 phosphorylation in both cell lines, whereas EGTA-AM only increased the level of Cx43 phosphorylation in CA3/7 cells. The effects of the used agents on Cx43 phosphorylation in both cell lines are summarized in Table II .
Besides a change in the phosphorylation of Cx43, the level of GJIC may be changed by a change in the localization of Cx43. Table II , pictures A2, B4); a strongly decreased staining of ML-7 treated cells (4-i, A3, B2), and a decreased staining on the membrane with cytosolic staining of ML-7 treated cells (i+c, A4). Narrow arrow heads mark examples of staining on the membranes, broad arrow head marks an example of cytosolic immunostaining (A4). In addition to the specific staining (examples marked by arrow heads), non-specific autofluorescence of the cells, due to the long exposure time of the films, can be seen. Bar = 25 ujn in both series A and B.
Under both Ca 2+ e conditions, ML-7 decreased Cx43 immunostaining in both cell types.
Involvement of E-cadherin amount and localization in the regulation of GJIC
Because in mouse keratinocytes GJIC was shown to be also regulated by the cell adhesion molecule E-cadherin (14), we studied the effects of mediators of Ca 2+ -regulated processes on the amount and location of E-cadherin. Under low Ca 2+ e conditions, the amount of E-cadherin was comparable in both cell lines as determined by Western analysis (data not shown).
Neither an increased (Ca 2+ ) e , nor treatment of both cell types with ionomycin, CDZ or ML-7, changed the amount of Ecadherin in both cell types (as shown for CA3/7 cells in Figure  8A ). Changing (Ca 2+ ) e from 0.05 mM to 1.2 mM strongly increased the immunostaining of E-cadherin on the cell-cell contact areas in both cell lines (Table II and Figure 8B ). The intensity of E-cadherin-linked immunofluorescence was not changed by ionomycin, CDZ, EGTA-AM or ML-7 under both low and high-Ca 2+ e conditions (Table II) .
Discussion
In this study we demonstrate, that a difference in the regulation of GJIC by calcium-and calmodulin-dependent mechanisms between a cell line of initiated mouse keratinocytes and a carcinoma derived cell line exists. Furthermore the data show that changes in GJIC induced by modulators of the calcium signal transduction route, are not associated with concurrent changes in Cx43 phosphorylation levels. Under conditions in 2316 which GJT.C was inhibited, a decreased level of immunostaining of Cx43 within the membranes was found. The level of immunostaining of the cell adhesion molecule E-cadherin was, under the experimental conditions used in this study, not changed by modulators of Ca 2+ , or CaM.
Regulation of GJIC by (Ca 2+ ) e and (Ca 2+ );
High extracellular calcium conditions did not affect the high GJIC level in 3PC cells. In the mouse skin carcinoma derived cell line, however, a shift to 1.20 mM Ca 2+ e raised the level of GJIC to that of the 3PC cell line. These results confirm earlier findings (14) . Several other groups have reported different effects of Ca 2+ e on GJIC. In primary keratinocytes 2 mM Ca 2+ e induced a decreased GJIC (27) , whereas decreased extracellular calcium conditions (1.8 mM to 0.05 mM) inhibited GJIC in human keratinocytes (12) . In this study no differences were found between the effects of high extracellular calcium on (Ca + )j in 3PC cells and in CA3/7 cells. This suggests that the regulation of calcium transport across the membranes is functioning with a comparable efficiency in both cell lines. These results also suggest that the (Ca 2+ )i in 3PC cells is optimal for a high GJIC level, whereas in CA3/7 cells a higher (Ca 2+ )j is needed to induce a high GJIC level. The effect of 1.20 mM Ca 2+ e on (Ca 2+ )j in both cell lines is the same as reported by others for neoplastic keratinocytes (28, 29 basal level. This apparent difference may be a result of the selection procedure of this cell line, i.e. treatment with initiating agents followed by selection under high extracellular calcium conditions.
Both the calcium ionophore ionomycin and the Ca 2+ -ATPase inhibitor thapsigargin increased GJIC between CA3/7 cells. This ionomycin-induced rise in GJIC level was comparable with the high Ca (32) . These apparent discrepancies could be the result of the type or the differentiation stage of the cells used.
Regulation of GJIC by calmodulin-mediated processes
Because many calcium dependent processes are regulated via the calcium binding molecule calmodulin (CaM), and CaM plays a role in the regulation of GJIC possibly by binding to connexins (15, 16) or by activation of connexin-phosphorylation protein kinases (Figure 1) Figure 4B ). A transient increased (Ca 2+ )j was also reported for MDCK cells exposed to the CaM inhibitor trifluoperazine (37) . This may be due to inhibition of the CaM-dependent plasma membrane calcium pump (25, 38) . In this study we showed that in 3PC cells the (Ca 2+ )j was sufficiently high to preserve a high GJIC level, and that an increased (Ca 2+ ); did not affect this GJIC level. The results obtained with CaM inhibitors in both cell lines suggest that the effects of CaM on GJIC are more important than the stimulating effects on (Ca 2+ )j. Because CaM may exert its effect on GJIC by activation of Ca 2+ /CaM-dependent protein kinase (Ca 2+ /CaM-PK), and because Saez et al. (17) showed that activated Ca 2+ /CaM-PK resulted in an increased Cx32 phosphorylation, we studied the effects of an inhibitor of Ca 2+ /CaM-PK (ML-7) on GJIC in both cell lines. GJIC was decreased in both cell lines by treatment of the cells with ML-7 under low and high Ca 2+ e conditions. This suggests that the differences found between 3PC cells and CA3/7 cells in the regulation of GJIC are not due to differences in the regulation of GJIC by Ca 2+ /CaM-PK. In concurrence with the ML-7-induced GJIC inhibition Cx43 was hyperphosphorylated in both cell lines under both Ca 2+ e conditions, suggesting no direct phosphorylation of Cx43 by Ca 2+ /CaM-PK. In addition to the GJIC inhibition by ML-7, (Ca 2+ )j was increased. How ML-7 may affect the (Ca 2+ )i is, however, unknown.
Involvement of Cx43 phosphorylation and localization in the regulation of GJIC Ca 2+ ,-or CaM-modulating agents could affect GJIC by activation of Ca 2+ /CaM-dependent protein kinases and subsequent (in)direct connexin phosphorylation (Figure 1 ). Here we show that exposure of both cell types to ionomycin or EGTA-AM results in an increased Cx43 phosphorylation. Crow et al. showed a decreased GJIC in concurrence with a decreased amount of phosphorylated Cx43 in bovine lens cells exposed to calcium ionophores (30) . However, in accordance with this study, more phosphate groups per Cx43 were found. Experiments with CDZ and ML-7 showed that CaM-dependent enzymes are involved in the phosphorylation level of Cx43 (Table I) . However, no clear relationship can be found between Cx43-phosphorylation and effects on GJIC (Table D) . Analysis of the specific amino acid residues of Cx43 phosphorylated by exposure of the cells to Ca 2+ -or CaM-modulating agents might give more information about the question as to whether such a relationship exists.
The intensity of Cx43-linked immunostaining on the cell membrane was decreased by EGTA-AM, CDZ or ML-7. All treatments of both cell types with modulators of the suppost calcium signal transduction pathway that inhibited GJIC, at the same time affected Cx43 immunostaining levels on the membrane. Because the amount of Cx43 did not decrease (as determined by Western blot analysis), this suggests that the used agents cause a dispersion of Cx43 over the membrane, after which the immunofluorescence intensity decreases below detection limits.
Involvement of E-cadherin amount and localization
The cell adhesion molecule E-cadherin was shown to regulate GJIC in mouse keratinocytes (14) . The functioning of Ecadherin is regulated by adhesion of catenins to E-cadherin (39, 40) , and appears to be a calcium and phosphorylation related process (41, 42) . To determine whether E-cadherin regulation is involved in the differences between 3PC cells and CA3/7 cells in the regulation of GJIC, we studied the effects of ionomycin, CZD and ML-7 on the amount and location of E-cadherin protein in both cell lines (Figure 7 ). None of the tested modulators of the signal transduction route had any effect on the E-cadherin-linked immunostaining on the membranes of the cells, suggesting that the location of Ecadherin is not directly regulated by Ca 2+ ,-dependent enzymes. The fact that an increased (Ca 2+ ) e increased the intensity of the E-cadherin immunostaining on the membrane in both cell types, while the amount of E-cadherin remained unchanged, suggests that the E-cadherin molecule underwent a conformational change or that it became more clustered.
Conclusions
This study shows that differences exist between the 3PC cells and the CA3/7 cells in the regulation of GJIC by Ca 2+ e . These differences are not due to differences between the two cell types in the transmembrane transport efficiency of calcium; the regulation of GJIC by Ca 2+ /CaM-PK, nor by the Ca 2 V CaM-regulated E-cadherin amount or location. However, differences between the two cell types were found (i) in the requirement for a peak of Ca 2+ i to establish full GJIC, and (ii) in the CaM-dependent regulation of GJIC. The results of this study suggest that not only the binding of CaM to Cx43 is the mechanism by which CaM regulates GJIC. CaM inhibition has differential effects on the GJIC level in both cell lines. This could be due to the involvement of several different CaM-dependent enzymes in the regulation of GJIC. One possible candidate may be Ca 2+ /CaM dependent phosphodiesterase, an enzyme that brakes down cAMP (43, 44) , because of the role of cAMP-stimulated protein kinase A in the regulation of GJIC (45, 46) .
